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MECHANICAL TESTS OF MACERATED PHENOLIC MOLDING MATERIAL

By William N, Findley*
SUMMARY

Besults of mechanical tests of macerated phenolic mold-
ing material are reported. These tests were carried out
in a room maintained at a constant temperature of 77 F and
relative humidity of 50 percent., The folleowing tests were
performed: tatic tension, compression, torsion, and flex-
ure tests; long-times cresp tests at different stresses,
tests for time to fracture under long~continued constant
load; Izod and Charpy impact tests; bending fatigue tests
at different ranges of stress; rotating-beazm fatigue tests
at different speeds of testing; rotating beam fatigue tests
of notched specimens; and %orsion fatigue tests.

The static tests were all made at the same rate of
cstrain; and the results of the static tests include values
of yield strength, ultimate strength, and modulus of elas-
ticity in tension, compressien, and shear (tersien).

The offect of sweced of testing on the results of the
torsion test is shown; the effect of "conditioning" oxn the
compressive strength is shown; the effect of stress on
crecp is skown; and the effects of range of stress, speed
of testing, notches and different types of loadlngs on the
fatigue strength are chown.

I. THTRODUCTION

1. Purpose of Investigation

The tests reported herein were undertaken tecause of
the fact that macerated phenolic molding materials are
being used in applications in which the load-resisting
ability of the material is of importance. An example of
such an aprlication is the use of this material for air-
craft antenna masts. In some of the applicaticns in which
this material is msed it may be subjected to static loads,

*Associate in Theoretical and Applied Mechanics, College of
Engineering, University of Illinois, Urbana, Ill.



to reveated loads, and o impact. Static Loads of long
durstion may result in distortion or fracture as a result
of creep (references 1 to 7); repeated loads (vidbration)
may result in a progressive fracture (fatigue) (references
3, 6, €, 9, 10J): impact may result in fracture if the en-
ergy-absorbing capacity of the material is too low. Thus
it is evident that a knowledge of the ability of the mate-
rial to withstand these varisus types of lvading is neces-
gary for a rational Jdesign of wewbers and for DProper se-
lection of material f¢r a cpecific application,

To date the voluume of significant data en nechanical
tests of plastics is relatively cmall. A bibliography of
some of the more important worl that has ccme to the atten-
tion of the author is given at tue end ¢f this report (pp.
31-32). Considerable data are aveilable on static proper-
ties and impact properties, and some data are available on
creep. However, vart of tie data which are available cover
results of tests which were not carrieda cut under controlled
laboratory conditions. o data lave come to the attentien
of the author on fatigue or creep tests of macerated mcld-
ing material. Yew data arc available on torsionel proper-
ties of plastics, and ornly one investigation of the effect
of range of stress on fatigue properties of plastics (ref-
erence 3) has come to the attention of the avthor.
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II. TYPES OF TEST

The feollowinz tests were performed on the phenoclic
molding material under conditions of constant tempoerature
and constant relative humiditys short-time "estatict tests
in tension, comprecsion, and torsion were cenducted to de-

‘termine the ultimate strength, yiecld strength, and modulus

6T elasticity aunder the three conditions of loading; tar-
sion tests of hollow and so0lid specimens were ccnducted at
several speeds of testing to detcrmine the effect of speed
sn the results of static tests; ceompression tests of spec-
imens subjected to threce differont "conditioning" proce-
dures were conducted to study the effect of conditioning

on the results of tests; Charpy and Izod impact tests wvere
conducted; creep tests and tests for time to fracture under
a ceounstant leoad were conducted at different stresses; bend-
ing fatigue tests were conducted to determine the effeect

of different ranges of strese on the fatiguc strength; ro-
tating-beam fatigue tcsts werc conducted te study the ef-
fect of specd of testing and the effect of notches on the
fatiguc strength; and fatigue tests in torsion were cen-

ducted to determine the fatigue stirength under this type
of loading.

ITI, MATERIAL AND SPECIMENS

. 1. Material

The "macerated" phenslic molding material for these
tests was supplied by the Plastics Divisien cf the Monsanto
Chemical Company. It was made in the Mensanto laboratories
especially for these tests and was a special formulation as
described below., The cemposition and treatment, however,



sare similar tos Mcnsanto Resinex 6542 and Resinox 6754. It
1s also equivalent to U.S. Navy type CFI-20 Burcau of Ships
43 Interim Specif icatlons 1724 (INT).

The melding compositiun contained 50 percent of a one-
stage thencl-formaldehyde resin and 50 percent of cotton
denim and twill rag, cut in 3/4-inch pieces. The "cabinet
closing time" (2 measure of plasticity was 70 to 80 seconds.
The material was preformed at 25° C and 7000 peunds per
sguare inch. Two separate preforms. were used per molded
slab in order to obbtain the required thiocknesses.

Sheets, 5- by 7-inch, were molded of this materiazl in
two thicknesses, nanmely, 0.3 inch and 0.5 inch. The dif-~
ferent thickneeses werc used in crder to accommpdate the
specimens mentioaed btelow. The 0.5-inch slabs wers molded
35 minutes at 170° C and 7000 pounds per squa are inch. The

. 0.3~1inch slabs were molded 15 minutes at 170° C and 7000

pounds per square inch. These molding conditiens were es-
tabllshed by preliminary experimentation at the Monsanto
Laboratory. ;

2. Specimens

The specimens uscd in these tests were machined from
5- by 7-inch sheets of tho macerated mcolding material de~
scribed above. All tension, compression, flexure, creep,
time to fracture, bending fatigue, and torsion fatigue
specimens were made from sheets approximately 0.3 inch
thick. The torsion, impact, and rotating-beam fatigue
tests were made on specimens cut from sheets 0.5 inch thick.
Tension, compression, teorsicn, flexure, time to fracture
and creep specimens wero cut from the sheet with the axis
of the gpecimen parallel to the 7-inch dimension of the
sheet. All fatigue and impasct specimens were cut witk
their axes parallel tc the 5-inch dimension. Insofar as
possible all specimens for one group of tests were cut
from one sheet. Where this was not possible the sheet num-
bers were indicated on the curves.

The specimons were machinod to.the dimensions shown
in figures 1, 2, and 3 by miiling or turning, as required,
using charp tools and such combirnations of tool shape,
speed, and feed as gave good fiunish and a minimum of heat-
ing of the specimen. After machining, all machined cdges
wverc smoothed with emery paper. A high polish was not pos-
sible becausc of the cloth filler in the material.




3. Preconditioning of Specimens

A1l specimens were allowsd to remain in the air-
conditioned laboratory for at least two wceks after ma-~
chining before the tests were started. All tests were
carried out in a laboratory which was maintained at a con-
stant temperature of 77° x1° F, and 50 2 percent rela-
tive humidity continuously throughout the duration of the
tests. This was necessary because of the sensitivity of
the material to small changes in temperature and relative
humidity.

IV. APPARATUS AND TEST PROCEDURE

1., Static Tension Tests

The tension tests were made on specimens shown in
figure la. These specimens were held in Tenmplin wedge
grips and tested in a Riehle 150C-pound single-screw ma-
chinc modified to provide pendulum weighing and equipped
with a device for scmiautographic recording, shown in fig-
ure 4. All spoecimens were tested at a hcad speed of C.04
inch per minute. This spsed resulted in a rate of strain
cf 0.C015 inch per minute. 4 Moore-Hayes 2-inch exten-
somater was attached to the specimen and readings of load,
extensometer division, and time were taken during the
tests.

2. Static Ccempression Tests

The same machine was used for compression tests as
for tension tests except that a compression tool, shown
in figure 4, was used with the former in order to aveid
the possibility of eccentric loading of the compression
specimens, In this instrument the specimen A, figure 4,
was compresscd between the upper platten B and the cyiin-
der C. The cylinder was guided in %the yoke D soc that the
face ¢f the eylinder was always parallel to the upper
platten. Thus, if precauticns are taken to machine the
specimen cnéds parallel and center the spoecimen on the cyl-
inder, tho amount of eccentric loading should be negligiblc
Compression tests were made c¢cn two sizes of spocimen cut
from the same shect 0.3 inch thick, as shown in figures

2a and 2b. The short specimens, i/r of 12, were used tc
obtain the coxmpressive strength of the material; whereas
the lounger specimens, 1/r of 27, were used to determine

the. modulus of elasticity of the material and the gesnersl
shape of the stress-strain curve. The term 1/r indi-~



1
cates the ratio of the length of the specimen to the radius
of gyration 0f the cross secticn of the specimen. In order
5 ttain the modulns of elasticity and shape of the stress-
quJn curve a compressometer of 1-.inch gage length was

+
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used with the longer specimens. For the long specinens all
tests werc run at a head speed of 0.0100 inch per minute
(rate of strain of 0N.0015 in. per in. per min,).

3. Static Torsion Tests

It was neceseary to design and bulld special apparatus
for this test because¢ machines of low capacity were not
available., The apparctus used is shown in figure 5. The
pendulum weighing system of the tension machine was used
as the measuring device for the torsion mackine. This was
accomplished by attaching te the tension wmachine a twisting
head & in figure 5, driven by a doudble worm grive. A spe-
cial chuck B was attaclied to the shaft of this twisting
head and anocther chuck C to the axis of the pendulum D,
These chucks were designsd tc¢ anmply o torque to the speei-
men with little danger of bending tho specimer at the saue
time, This was accomplishad by meunting the specimen oun
centers and applying the torque as a couple bty means of
ad justable screwvs.

The detrusion gaze, used for measuring the shearing
strain, is shown in figure 6. It was designed t0 accomno-
date materials whose ultimate shearing strain was relative-
ly small and materials which might twist two or three revo-
luticns in a leagth of 2 inches, The instrument consist-
ed of two rings A in figure 6, which are slipped over the
specinen and fastened to it by three adjusting screws in
each ring. A gage leungth of 2 inches was obtained Dy use

of a removable spacer B. To one of the rings was fastoned
a circular scale G fyr meaSurlng large detrusion. Tw,
- 10-inch arms, D, fastened to the same ring carried scales

on the end which were used in méasuring small detrusion.
L justable pointers B were attached to the other ring in
such a way as to indicate the readings on their respective
scaleg,
/

The procedurc in conducting a torslon test wos first
to mount the detrusion gage, then affix the torque arms F,
in figure 6, to Lhe specimen, mount the whole between the
centers of the torsicn machire, and adjust *the torgue
screws. The driving chuck was then rotated at a uniform
speed apnd veadings of detrusion, torque; and time were
"talien at intervals of detrusicn until fracture tock Dliace.
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The shearing stress was computed from the equation

T = ;f and shzaring strain was computed from the rclation
w = 20
¢ .

1

4, Creep Tests

The equipment used for conducting the creep tests
consisted of a steel rack, from which 24 specimens could
be suspended; calibrated weights used for loading the
specimens; measuring eguipment for determining the strain
in each specimen; and a clock cquipped with a ccunter to
record the elapsed time in hours.

Figure 7 shews a portion of the creep rack with appa-
set

ratus up for measuring the strain of a specimen, The
specimen & was subjected to an axial teasile load by means
cf dead weights attached to the rod B. The specimen was

Lheld by grips C, which containced a hook-and-eye type of
swivel Joint. This joint was provided in order to minim-
ize the possibility of bending the spscimen.

The extensometer used for measuring the creep con-
sisted of a lsver-tyre incstrument with a traveling micro-
scope (cathetometer) D, figure 7, for measuring the dis-
vlacement between fixed reference marks on the end of the
lever & and the staticnary aru F. A track was provided
for the microscope so that it could be moved from specimen
to specimen quickily.

The gage length of tha extensometer was 4 inches and
the lever ratio was 10 to 1. One end of this lever was
fsrked and fastened by pivots to the lower clamp attached
to the svecimen, figure 7. The axis of this pivot passed
through the centroid cf the cross section of the specimen.
(The pin itself did nct go through the specimen.) Thus
the strain measured by this instrument was the average
strain in the specimcn-and it was not necessary to average
the results of two instruments fastened to opposite sides
of the spoecimen., The fulcrum of the lever was pivoted to
a rod whose other end was fastened to the upper clamp on
th: specimen. A gspring clip G. figure 7, was used to at-
tach this rod to the upper clamp so that the extensometer
could be left on the specimen during fracture, if neces-
sary, without damage to the instrument. '

Bach instrument wes calibrated against a micrometer
screw before use. Flat clamps were used to attach tiae



crtonsometers to the spocimens instcad of pointed screws
bocauge creep of the material might causc screws to sink
into the specimen, thus cavsing eariy fracture. The dis-
tance between the centers of the flat clamps was consid-
ered to be the gage length of the extensometer. 4 uniformn
cage length for each specimen was essential for accurate
comparison of tests., This uniformity was obtained by using
identical cxtensometers and a jig to assemble the exten-
scmeters to the speciren, figure 8.

Ten specimens milled as shown in figure 1lb were test-
ed at variocus stresses ranging from 1400 to 3700 pounds
per square inch. The procedure in starting the tests .
was as follows:

~ The welghts, weighing from 75 to 150 pounds, were
first supported on planks, blocked upn in such a way that
they could be used as levers to lower the weights quick-
ly but gently until they were supported by the specimen.,
Before lowering the weights, the initial exteunsometler
readings were obtained with the traveling microsccpre-
Then the weight was lowered on the speciumen, the exten-
someter wag immediately read again, and the time was
recorded. The difference between the strain computed from
these two sets of readings was the elastic strain. Any
further increasc in strain was the result of creep. =Head-
ings of strain and time were taken at intervals of time,
which for the high-stress tests were from 2- %to lZ-hour
intervals until fracture. Low-stress specimens were read
about every two days for a nonth, then every cne to two
wveecks,

5. Fracture Under Long-Continued Constant Load

Thig test was undertaken to determine the time re-
guired to cause fracture as a result ¢f creep under a
tension load maintained at a constant vilue throughout
the test, The specimens used were turned cn a lathe to
the dimensions shown in figure 2¢. The apparatus for the
tests consisted of a steel rack from which the specimerns .
were suspenced and loaded in tension by hanging sufficient
weight from the specimen to produce the desired stress.
This weight remained hanging on the specimen until the
specinen breke, at which time the falling of the welght
would release a catch to stop a clcck and thus record the
time of fracture.




6. Inpact

An Olsen 2b~inch-pounds impact testing machine was
used for these tests. It was equipred for either Izod
or Charpy type of test. Specimens for these tests (figs.
lc and 1d) were machined from two different sheets of
material, with the axes of the specimens parallel to the
b-inch dimension of the sheet. Four Izod specimens were
cut from each sheet with the notch parallel to the sur-
face of the sheset, and four specimens with the notch per-
pendicular to the suriface of the sheet. Likewisec, four
Charpy cspecimens were cut from cach sheet with notch par-
allel to the surface of the shcet, and three specimens
with notch perpcndicular to the sheet. All specimens
were prepared at the same time and tested at the same time
under the usual procedurs. The energy absorbed by the
specimen during the tsst was measured.

7. Fatigue Tests

(a) Bending.- Fatigue tests in bending were conducted
on fixed-cantilever, constant-amplitude fatigue machines.
In this type of machine (fig. 9) the specimen A was re-
peat edly bent back and forth as a cantilever beam by the
variable eccentric B. Both horigzontal and vertical ad-
Justment of the relative position of the spindle of the
machine and the specimen vise was provided to allow a vari-
ety of different tests. The machines were equipped with
a V-belt drive to provide variable speed as shown in fig-
ure 9.

The procedure uscd in conducting these tests is de~
scribed in the A.S.T.M. Tentative Standard for Rcpeated
Flexural Stress (Fatigue) Test of Plastics.* In all cases
the stress in the specimen (fig. 3a) was computed from

the equation ¢ = ﬂf- The bending moment M was obtained

*4.5.T.M. designation: D671 - 42T, "A,S5.T.M. Standards,
Including Tentative Standards, Part III, 1942, p. 1251.
This method was prepared by the A.S.T.M. section on
Fatigue and Repeated Impact Tests of Plastics, of which
the author was chairman. The method was based on experi-
ence gained largely during the conduct of the tests re-
ported in this paper and previous work by the author on
cellulose acetate.
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from a calibrated dynamomcter -C, anéd the number of cy-
clegs to which the specimen was subjected was recorded by
a counter D. PFor each specimen placed in the machins
the stress corresvonding tc the deflection of the speci-
men during the test was calculated from the begnding mo-
rient measured while the machine was at rest. The number
¢f cveles for fracture was also obtained, Thesc data
woere bthen plotted with stress as ordinats and number of
cyeclcs as absciscga, using semilog plotting.

In testing the phenolic molding material it was found
that the specimen never completely fractured in the bend-
ing tatiguc machine. Tatigue cracks formed but the cloth
filler prevented complcte separation of the two ends of
the specimen. Because of this fact, it was necessary to
devise a special mechanism to shut off the machine when
the sne01men became crackei. Thie mechanisnm consisted of
a spring dynamometer tecgethier with an electrical coatact
to close the circuit of a sensitive relay and stop the ma-
chine when a fatigue cracls cansed the waximum load en the
dynameneter to become smaller thur the criginal sectiorn
by a predetermined amournt {about 25 percent).

(b) Torsion.- The machine used for torsicn fatigue
tests wag of the constant-amplitude type and was con-
structed from a machine of the bending tyre by the addi-
tion of certain parts, as shown in figure 10. 4an arm A
was attached to the bending-type machine so as to support
the fixed end of the torsion specimen B and the dynamom-
eter C with itg dial D. For the torsion %tests, the spec-
imen B was fastened =2t an angle Lo the lever arm B at-
tached to the conneciing rod F. With the choice
proper angle the bending moument at the minimum sesction
of the specimen could be made zero, so that skhe snly sig-
nificant stress at the mininmum section was o torsicen
¢treas. There was a slight horizontal-shear stress which
was negligible compared to the siresses resu¢uing from
torsion. The conunecting rod F was fastened te the lever
arm B through a universal joint t¢ allew freecdom of motion.

M

The dynamometer was calibrated in terms ¢f force at
the wrist pin of the connecting rod as in the case of the
bending tests. Shearing stress was computed from the
equation T = TT ° Tle strecs was ad justed by means of
the variable eccentric as in the case u; the oelain? tests.

(c) Rotating beam.- The rotating cantilever-beam fa~
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tigue testing machines were as shown in figure 11, The
specimen A was held in the end of the spindle B by means
of & split collet. An extension shaft C was fastened to
the other end of the specimen by means of a collet ma-
chiined integral with the shaft. A lcad was applied to

the end of this shaft through a small ball bearing. 4
beam and poise D was used to apply this load. The entire.
shaft assembly was rotated by a motor through a belt. A4
counter & was attached to record the nuamber of cycles, and
a microswitch was used %o stop the machine when a crack
had formed in the specimen. Stress at the minimum section

was computed from the squation O = ﬂ# in which M was
. ES

obtained from the load applied through thce poise. Machines
of this type were found to offcr scme difficulty due to
vibration with nonhomoseneous matoerial such as phenolic
molding material.

V. RESULTS OF TESTS

1., Static Tension Tgsts

In figures 124,B,C are shown the stress-strain curves

for tension tests of the pihenolic molding material. Fig-

re 13 shows the strain-time curve corresponding to the
stress-strain curve of figure 120, From tiese curves the
following quantitics were measured: yield strength at
0.05 percent offset, ultimate strength, ultimate strain,
modulus of elasticity, and rate of strain., (See appendix
T dr definition of the terms used in this report. The
valucs obtained for these quantities are tabulated in
table I for the five specimens tested. ‘ ’

‘The average modulus of elasticity (slope of the ini-
tial portion of the curve) was 981,000 pounds per sguare
inch for the five specimens. The average yield strength
for 0,05 percent offsect from the initial tangenit line was
4010 pounds per square inch. An offsct of 0,085 percent
was choscn because specimens occasionally fractured bofore
any larger offsct was reached. The ultimate strcngth was
only slightly higher, 4550 pounds per square iunch, and the
average ultimate strain (at fracture) was 0.00543 inck
per inch. The average rate of strain was 0.0014 inch per
inch per minute (no load hezd speed of 0.040 in. per min.).
The rate of strain was obtained as the slope of the strain-
time curve in the region just before the strain for which
strain was no longer proportional to stress, that is, the
slope of the diagonal line in figure 13,
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It was noticed that there was not a constant rela-
tion between the mensured strain and the time (fig. 13j.
This curve may be approximstely divided into three por-
tions by the linegs vepresenting strains of 0.001 and
0,003 ineh per inch. The first portion was curved., due
probatly to friction lag in the extensomaler o1 perhaps’
also to slippage of lhe wedge grips or other readjust-
mente of *he machine under load; the second portion was

approximately a straight line corresponding te the stralght-
&

liane porticn of the stress~strain dingram; the third por-
tion was curved. Tuis was due.to the fact {hat stress was
not proportional to strain during this portion of the
strain~tine curve. 4Lg a result of i

the machine no lenger increased at 2 constant rate, so
that the machine no longer deflected as much for the same
amount of mction of the losding screw, Therefore the
spenimen unst streteh more in the same b

sbiffecr terting machine would

s fact the load on

ime interval. A
a

(N
nrobably give a awore nearly
streoight strain-tims curve. LThe £
tisn under a tensgion leoad was 10,170 pounds per inch for
this machine.

The dgte shcew
cut rrem two differe ign
tefore the letter in the ‘OGCl“eP numnber deslgnate the
rumber 0% the sheet., An examination of thess data and
those for the impact tests in table V shows that there
was no marked dlffer nce in properties of different sheet

]

i

e
3

+

v
=
!

“'.

ot
L3 o s of

The average deviation from the mean 1s also shown in
table I. Tt is a measure of th e amount of scatter in the
data. The small scatter evident in table I is probadiy
fortuitous since the results of other tests indicate a
greater scatter, as might be exvected with such a nonhomo-
gencous material, A typical fractursd specimen is shown
in figure 33e. \

2, Static Compression Tests

In figuresl44,3,0,D are shown the stress-strain curves
for couprecseion tests of specimens shown in figure 2a.
Specimeng 2 inches in length were used for these tests to
permit the use of a ccmpresscmeter having a l-inch gage
1ength The data plotted in figure 144 were taken with a

omprcssometer having a l-to-1 lever ratic and a 0.0001
ua<t~mora dial., This dial did not have suvficlent travel

Lo cover the entire range of strains, but was used to obdb-
tain data at the foot of the curve far use in determining
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the medulus of elasticity., The data plotted in figures
1432,0,D were obtained with a similar instrument eguipped
with a 0.001 dial so that ctrain readings could be taken
to fracture.

Table II summarizes the data frorm all of these curves
and includes average values and average deviations from
the mean. The average modulus of elasticity in compres-
sion was 886,000 pounds per square inch. It was noticed
that there was about twice the spread in values of modulus
for the compression tests as for the tcnsion tests, and
that therc is just as much sprcad between results cbtained
with the 0.0001 dial as with the 0.001 dial. The average
value of modulus obtzined in compression was about 10 per-
cent less than the average value obtained in tension.

The average valuec of yield strength at 0.05 percent
offset was 4120 pounds per square inch, which is about 3
percent higher than the corresponding value in tension. '
The yield strength at 0.2 percent offset was also obtained
for the compression tests. The average value was 6050
pounds per square inch., The average ultimate strength ob-
tained in these tests was 13,200 pounds per square inch,
This value was not considered represcntative becausc the
length of the specimen was such as to perumit bduckling to
occur before failure. There was, however, not sufficient
tendency for duckling %o affect the valucs of yield

strength reported above. Recause of buckling, another set

of shortor specimens, as shown in figure 2b, was tcsted.
The results are tabulated in tadle III. The average value
of ultimate strength for thesc specimens was 18,960 pounds
per square inch, which was about four times the ultimate
strength in teneion,

Figure 15 shows a -sample strain-time curve with &
diagonal line drawn to indicate thoe clope, corresponding
to the elastic region of the stress-strain curve. The
same characteristics are observed in this curve as in the
tension strain-time curve, figure 13.

Fractured specimens of both the long and the short
type are shown in figures 33b,ec. The diasgoral planes of
failure suggest that the fracture resuvlted from a shearing
stress.

For purposes of comparison the rate of strain was
rade approximately equal in the tension and compression
tests. It was 0.0015 inch per inch per minute (head speed
of 0.0105 in. per min.) for the "long" compression test.



In the case of the short specimens the rate of strain was
determined by comparing the load-time data, taken for thesge
tests (not shown), with load-time data for the "leng® spec-
imens, . .

It will be noticed that the head speed for the com-
pression tests was aboubt one-foeurth the head spoed for the
tension tests, although the rate of strain was the same
and the mschine was the same for both tests. This differ-
ence resulted largely from the difference in shape of the
specimen and method of gripping the specimen. It is thus
evident that care must be exercised in the selection of
testing-machine spceds if results of tension and compres-
sion tests of plastics arec to be comparable. This pre-
cantion is, of course, not necessary with materials for
which the test data sre not affected by changes in rate
of strain,

3. Static Torsion Tests

In figure 16 are shiown shearing strese againsti shear-
ing strain curves as cbtained from torsion tests of "solid"
spocimens (fig. Ze) of phenolic molding material. The
curves for the torsion tosts are similar to those for the
tension tests in that fracturec occurred after a relatively
small amount of strain. The last two curves show a straight-
linc stress—strain relation up tc¢ about 20C0 pounds per
square inch; whereas, the first curve in figure:16 indicates
some deviation from lincarity at the lower region. This
was attributed to the fact that a spacing ring used in set-
ting up the debtrusion gage was accidentally left on, caus-
ing slight frictien. From these curvecs values of modulus
of elasticity in shear, yield strength at 0.05 percent and
0.2 percent offset, and torsional modulus of rupture were
obtaincd. These valucs are tabulated in table IV. Thas
avorage value of yield strength at 0.05 percent offset was
2550 pounds per square inch. This was about 683 percent of
the yield strength at 0.05 percent offset in tension and
compression, The average yield strength at 0.2 percent
offset was 3220 pounds per sqguare inch, which was about
the same percentage increase over the 0,050 percent offset
as observed for the comoression tests. The agverage mgdu-~
lus of rupture was only slightly higher than the yield
gstrength for 0.2 percent offset and was 3330 pounds per
square inch. The ultimate strain was about three tinmes
the nltimate strain in tension 2nd about one-third the ul-
timate strain in compression. The average modulus of elas-~
ticity in shear was 234,000 pounds per square inch, which
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is 25 percent of the average of tension and compression
modulus. The shear rate of strain as shown in table IV
was obtained from strain-time curves such as the curves
shown in figure 17. It will be noticed that the shearing
strain-time curve does not show the first "stage" observed
in the tension and compression tests; that is, there was
no period of adjustmsnt required for the dotrusion gage to
overcome friction lag as was the case with the extensom-
eter and compressomebter., This was true because of the
construction of the instrument wvhich involved no friction-
a1l load on the measuring arms.

The rate of strain in tension wiich occurred during
the torsion test was obtained frcem the known relationship
that the maximum tensile stress equals the maximum shear-
ing stress in a circular member subjected to torsion.

From this fact the relationskip between the rate of strain
in tension and the rate of strain in shear was computed

G € . ; .
from the formula = = — —, where = 1ig the tensile rate
% t & . t G
of strain; T is the shearing rate of strain; and T the

ratio of shearing modulus to tensile modulus. It will be
noticed that the tensile rate of strain in the torsion
tests was approximately equal to the tensile rate of strain
in both the tension test and the compression test. This
wag purposely done in order that the three tests would bve
on a comparable basis. It was necessary to use the same
rate of strain for comparative purposces because it was
known that the rate of straln affected the values of yield
strensth, ultimate strength, mecdulus of rupture, and so
forth. (See figs. 18, 19, and the next paragraph.)

A

4. Effect of Speed of Testing on the Results
Obtained from the Torsion Test

Torsion tests worce performed at several speeds of test-
ing to study the effect of speed of tusting on the proper-
ties measurcd in the torsion toste. During theso tests,
recadings of torque, angle of twist, and time wore taken.
From thess data the shearing stress and shearing strain
were computcecd., The shearing stress was plottced against
shcaring strain in figure 18 for tests of "so0lid" specimons
at rates of strain from 0.0004 to G.029 inch per inch por
minute. The shearing ratc of strain was obtained in the
same manner as described above,

It was observed that the strecss—-strain diagram devi-
atecd from a straight-line rclatioenship at a lower valuc of
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stress for the slow rates of strain than for the high rates
of strain, This deviation was probably the effect of crecp
taking place at the lower rates of strain,

In order to obtain a better picture of the effect of
changing the rate of strain on the results of the torsion
tests, the shearing yield strength at 0.05 percent offset
was obtained for each of the curves shown in figure 18.
(The avxiliary line represents an offset of 0.05 percent.)
The shearing yield strength was plotted against the shear-
ing vrate of strain in figure 19, The data reported for
the torsien tests in tatle IV were also plotted on this
diagram. It was cbserved that the shearing yield strength
increased rapidly with increase of rate of strain at rela-
tively low rates of strain. Avove a rate of strain of
abeut 0,0 inch per inch per minute the shearing yield
strength was relatively little affected by further increase
in rate of strain. This effect of rate of strain was sim-
ilar in trend, but not in degrse, to the effect of rate of
strain on the tension test cof cellulose acetate (refer-
ence 7).

Testes were alse performed on hollow torsien specimens
(fig., 2f). The shearing stress obtained from tests of the
hollow specimens was plotted against shearing strain in
figure 18, These tests were undertaken in an atiempt to
cerrelate the results of the torsicn tests with the results
of the %tension tests of the same material. 1t was expected
that the hollow torsion test would correlate much better
than the so0lid torsion test, because the eguetion

m
T:::.-'E
J

would yield a morc,.,accurase value of stress in the cac> of
the hollocw specimen than in the case of the solid spoecimen
for values of stress near fracture. The average value of
the maximum strecss occurring in the hollow specimen was
about 2000 pounds per sguare inch or about one-~half of the
tensile strergth. (Sce table I.) This may possibly bve

due to the fact that the fracture started at a position on
the surfacc of the spscimen which was originelly ot the in-
terior of the sheet, Also the tensile stress at the point
of fracture was st an angle to the plane of the original
Leet rathcr than parallel to the sheet as in the casc of
he tension test, so that some ditrference in strength might
be expected.

81
]
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The crack progressed along a helix, indicating that
the significant stress causing fracture was probably a
tension stress. (See figs, 33d,e.) Elementary theory
shows that the maximum tension stress in a member subject-
ed to torsion is equal to the maximum shearing stress, so
that the values of maximum shearing stress obtained from
the torsion test of a hollow specimen should be nearly
equal to the tensile strength of the same material as ob-
tained in a tension test, instead of one-half the ten-
gsile strength. :

The hollow specimens were tested at several different
rates of strain as were the solid swecimens. Results of
the former, however, do not correlate well - probadbly be-
cause of the fact that the size of the discontinuities in
the material itself were the same order of magnitude as
the wall thickness of the hollow section.

No measurable varistion in shearing modulus of elas-
ticity with change in rate of strain was observed, The
modulus of elasticity in shear as obtained from the aver-
age slope of the curvss shown in figure 18 was 290,000
pounds per sguare inch. The value reported above for the
other set of tests was 234,000 pounds per square inch.

The difference between these two values is vossibly due to
the fact that the specimens in the two tests were obtained
from different sheets. All specimens used for the solid

tests shown in figure 18 were obtained from the same sheet.

5. The Effect of Initial Conditioning on
the Compressive Strength and the Specific Weight

Three groups of 25 compression specimens each (fig. 2b)
were prepared from the same sheet of material. Each group
of 25 was subjected to a different conditioning procedure.
One group was immersed in water for 4€ hours, the second
group was placed in a degsiccator over anhydrous calcium
chloride, and the third group was placed in an oven at a
temperature of 1220 F for 48 hours, then removed to a
calcium-chloride desiccator for 24 hours. Immediately af-
ter the specified conditioning time, a2ll of these speci-
mens were placed in a room maintained at a constant tem-
perature of 77° F and constant relative humidity of 50 per-
cent for the duration of the tests., Two specimens from
each group were set aside as control specimens and were
weighed and measured at intervals of time. Immediately
after the specimens were removed from the conditioning
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medium, one of each group was tested in compression and
the ultimate strength recorded. Specimens from each groun
were then tested at succesding intervals of time there-
after fer a period of about 8000 hours, Thke control
specimens were weighed and measured at the same time that
compression tests were performed.

This study was undertaken in order to obtain a quan-
titative knowledge of the duration of time required for
the strength and weight of phenolic molding material to
come to equilibrium when the specimens were maintained
continuously in an atmosphere of constant temperature and
constant relative humidity. Such information was needed
in order to determine the conditicning procedure necessary
to obtain reproducible results from mechanical tests of
plastics.

The change in specific weight with time is shown in
figure 20 for the contrcl specimens from each group. It
was observed that the spacifiec weight decreased for smeci-
mens initially immersed in vater; whereas the specific
weight increased for specimens initially placed over cal-
cium chloride and also for those initially heated. It
was observed that a time of about 1000 hours (Ll days) was
required to return the specific weight approximately to
its initial value (within 5 percent of the change in spe-
cific weight caused by immersion for 4g hr).

A similar series of tests of cellulose acetate (refer-
ence 8) was carried out simulitaneously with this series
of tests. The acetate was subjected to two different con-
ditions - immersion and drying over calcium chloride. A
comparison of the curves showing change in specific weight
with time shows that the behavior of the two materials “ras
almost identical up to a time of 1007 hours. Beyond 1C00
hours the specific weight of specimens of both materials
which were immersed in water remained substantially con-
stant, but the specific weight of the dried acetate de-
creased again after 1000 hours while the smecific weight
of the molding material continued to increase even beyond
the weight before drying.

The variation in ultimate strength with the elapse of
time after conditioning is shown in figure 21. The strength
of the initially wet specimens was observed to increase
with time. The strength of the heated specimens decreased
with time and the strength of the dried svpecimens decressed
with time., More conclusive results might have been obtained
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by *the use of a larger number of specimens to overcome
the effect of the scatter observed in the data.

6. Static Bending Tests (Flexure)

Flexure tests were performed on specimens shown in
figure 24, using the machine shown in figures 4 and 5 for
applying the'load. A four-point loading system was em-
ployed by means of 2 beam-and-linkage arrangement so as to
produce a constant bending moment in the center portion of
the specimens. The average result of five specimens showed
a modulus of rupture in bending of 8000 pounds per square
inch., These tests were performed in such a way that the
rate of strain of the extreme fiber was about the samé as
in the tension and compression test reported in tables I
and II - that is, the rate of strain was abdbout 0.0015 inch
per inch per minute, The rate of strain for the bending
tests was obtained by plotting a stress-time curve. TFromnm
this curve and the known value of mcdulus of elasticity
the rate of strain was coemputed. A sample stress-~time
carve for the bending test is shown in figure 22. These
tests show that the modulue of rupture in flexure was
about twice the static tensile strength, and about two-
thirds the static compressive strength.

7. Impact Tests

Impact tests were made on specimens of both the
Charpy and Izod type on specimens (figs. lc.d) machined
from two different slabs. The results of these tests are
tabulated in table V. Tour specimens of each type from
each slab were tested with tke V.-notch varallel to the
molded surface of the sheet, and four specimens of the lzod
type and three of the Charpy type were machined with the
V-notch perpendicular %o the molded surface. The values
cf energy absorbed by each specimen are given in cable V
together with the averages and ths average deviation from
the mean, Very little difference was observed tbetween
values obtained from the two different sheets. It is per-
haps worthy of note that the differencesg between tests
with notch perpendicular and notch parallel to the origi-
nal surface are not consistent between the Charpy and Izod
tests, indicating that the impact strength of the material
was substantially independent of the position of the notch.

The average of all the Izod tests was 20.0 inch-pounds
for the %—inch specimen, which was about 20 percent greater



20

than the average of all Charpy tests. The average of all
Charpy tests was 15,6 inch-pounds. The difference is per-
haps due to the fact that in the Izod tests an appreclable
amount of energy was absorbed in a2 scraping action betwesn
the striking edge of the tup and the specimen.

8. COreep Tests

Creep tests in tension were performed at stresses
ranging from 1400 to 3700 peunds per square inch, using.
apparatue as shown in figures 7 and 8. Strain readings
vere taken at intervals of time over a period of as much
as 8000 hours for some of the tests, and shorter periods
for other tests. The results of the creep tests are shown
in figures 23 and 24, In figure 23 creep in percent was
plotted against the elapsed time in hours for a total of
3000 heurs. A similar diagram for a time of 8000 hours is
shown in Tigure 24. Crsep, as usually defined, is the to-
tal change in length (iancluding clastic stretch) between
gage points located in the cylindrical pcrtion of the
speciumen expressed as a percentage of the original dis-
tance between gage points.

A rapid rate of creep was observed during the first
interval of time., During this period the rate of creep
decreased and was followed by a leng period of creep at a
relatively uniform rate. This latter period is referred:
to here as the "first stage™ of creep. The initial por-
tion of decreasing rate of creep is referred to as the
"first transition region." The scatter in the pletted
" points for some of the tests is prebably due in part t»
the difficulty of measuring changes in length of such
small magnitudes and in part to the effect of intermittent
vibrations of the building or to occasional short-time
interruption of the air-conditioning equipment. It was ob-
served that the rate of creep after about 3000 hours de-
creased appreciadbly, so that the curves anpreached nearly
to a horigontal line for all values of stress (fig. 24).
This tendency was similar to that cbserved for relatively

high stresses in the case of cellulose acetate (reference 7).

It was found that the creep at any time within the
limite of the test and at a given stress could be avpprox-
imately represented by a straight line of slope R and
intercept é&,; thus, e = e, + Rt where e, 1is the
"initial" creep, R the rate of creep, and e the total
creep at time +t. The values of e, and R were ob-
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tained by drawing a straight line thrcugh the vpoints rep-
resenting the first stage of creep (fig. 23). The slope
of this line was the rate of creep R during the first
stage of creep, and the intercept of this line with the
gero-time axis was the initial creep e,. When the rate
of creep was plottzd as a function of the stress on a
log-log diagram (figz. 25), it was found that the data thus
plotted coculd be represented reasonably well by a straight
line, so that the rate of creep could be expressed as a
power function of the stress. Similarly, the log-log plot
of stress agalinst initial creep was nearly a straight line,
so that the initial creep could also be expressed as a
power function of the stress (fig. 25).

Thus it was possible to express creep at any time ¢
and any stress o, by the following relationshipi (The
numbers "4600" and "9500" are dimensional coefficients.)

_mj§~;\3/a + < g =72 t
4600/ 9500

This equation is, of course, an appreximation to the crsep
curve, It represents a family of straight lines having
slopes equal to the slope of the crecp curve in the first
stage and passing through the creep curves in the first
stage, Thec family of straight lines represented by the
above equation is shown, for the values cf stress used in
the tests, as dash lines in figure 23. Exact agreement
betwecen these lines and the pletted data is not to be ex-
pected because of the scatter of the plotted points shown
in figure 25. The dash lines shown in figure 23 obviously
will not accurately represent creep in the first transi-
tion region nor duriung the "second stage" of creep. In
these cascs, however, the actual crecp is less than that
predicted by the equation, so that use of the cquation
would be on the safe side.

9. Fracture Undcr Long-Continuecd Constant Load

These tests were supplemental to creecp tests. The time
required to cause fracture under a constant tension load is
shown in figure 26, in which the tension stress is plotted
against time for fracture on a log-log scale, It was ob-
secrved that above a stress of about 3200 pounds per square
ineh, fracture almost always occurred within a relatively
shert time (less than 100 hr), but below this stress no



fracture occurred in less than 2000 hours. Figure 26 indi-
cates that the time required for fracture to take place
undecr a censtant stress increases with decrease in stress
and that in the neighborhood of 3200 pounds per square

inch a relatively small change in stress may make a very
large change in time for the fracture to take place.

10, Fatigue Tests

(a) The effeoct of range of stress on the fatigue
strength in bending.~ In this paper "range of stress" 1is
defined in terms of two quantities, the mean stress and the
alternating stress of the etress cycle; that is, the ecycle
of stress is resolved into two components: a coenstant or
mean value of bending stress 0, and an alternating
stress 0,, which is superimposed on the mean stress.
When the mean stress is gzero, the maximum alternating
stress which will cause fracture after a given number of
cycles of stress is called the fatigue streéngth at the
given number of cycles, When the mean stresg is not zerd,
the corresponding value of maximun alterdatiﬁg strqss' Og
which will produce fracture after a given number of cy~
cles of stress is defined as the fatigue strength for that
value of mean stress and the given number .of c¢cycles of.
stress.,

Fatigue tests of phenolic molding material were run
on specimens as shown in figure 3a for four different
ranges of stress., The ¢ - N diagram for the four differ-
ent values of mean stress is shown in figure 27. In this
figure the alternating couponent of stress was plotted
against the number of cycles for fracture on a semilog di-
agram. An appreciable scatter of data was observed in
these tests, so that a2 definite o - N curve could not bde
drawn, For purposes of analysis, a straight line wase
drawn through the pletted points representing the trend of
the curve. The greatest emphasis was placed on tests at
large numbers of cycles in drawing this line. In order
better to illustrate the effect on the fatigue strength of
a change in the mean ctress, the fatigue strength at
100,000,000 cycles was plotted against the mean stress of
the cyeles in figure 28. It was obscrved that the fatigue
strength decrecascd with increasing mean stress from 3130
pounds per square inch at gzero mean stress to 1610 pounds
p:r square inch at a mean stress of 7000 pounds per sguare
inch, (See table VI.) (The speed of testing used in all
of thesc tests was 1720 cpm.)
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During the conduct of the tests in which the mean
stress was not zero, i% was observed that the mean stress
continuously decreased even though the defiections of the
specimen were maintained the same. This decrease in mean
stress (relaxation) was the result of creep of the mate-
rial. In order to show the effect of relaxation on the
alternating-stress against mean-stress diagranm (fig. 28),
the fatigue strength was plotted against the value of mean
stress which obtained at 100,000,000 cycles. These data
are shown by the open circles in figure 28. The average
value of the "static" ultimate strength in flexure (modulus
of rupture), obtained in tests reporied above, was plotted
on the diagram in figure 28. A straight line drawn between
the fatigue strength at zero mean stress and the "static"
bending strength represents the "theoretical' effect of
mean stress (reference 11). It was observed that the data
ad justed to the mean stress at 100,000,000 cycles fell very
nearly on this straight line. '

(v) Relaxation during fatigue tests.- The effect of
relaxation was further studied by means of a relaxation
test conducted under static conditions in which the initial
value of the bending stress was 7000 pounds per square inch.
This test was conducted by using a dynamometer and specimen
exactly the same as that used in the fatigue test. A de-
flection was given to the specimen sufficient -to produce
7000 pounds per squarec inch. Réadings of stress were re-
corded at intervals of time for a period of 800 hours.
These data were plotted in figure 29 in which stress was
plotted against time in hours. The value of the mean
stress which obtained during fatigue tests at three differ-
ent ranges of stress is also plotted in figure 29. These
data were taken Tfrom the specimen which failed most nearly
at 100,000,000 cycles. It was observed that relaxation of
stress was quite rapid during the first 100 hours. There-
after the stress decreased nearly as a linear function of
time. It was also observed that the rate of decrease of
mean stress increased with the value of the mean strsss.

(¢) Fatisue strength in torsion and bending.- In or-
der to determine the behavior of the molding material in
fatigue under a different state of gtress, the material
was tested in torsional fatigue, using the machine shown
in figure 10. The 0 - ¥ diagram for fatigue tests in
torsion of round specimens (fig. 3b) is shown in figure
30, For comparison, a fatigue curve was also obtained in
bending with the same circular cross-sectlional specimen as
used in torsion and with specimens taken from the same
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sheet. The o . N diagram for these tests 1s also shown
in figure 30, The fatigue strength for torsion tests

was found to be 1800-pounds-per-square-inch shearing stress.
(Sse table VI.) The corresponding fatigue strength in
bending was found to be 38Z0-pounds-per-square-inch tensile
strese., The fracture of the torsicn specimen progressed
along a 45 helix, indicating that the crack progressed
along a plane of maximum tensile stress, (See fig. 33h.)
However, %the tensile stress in the torsion specimen was

the same as tho shearing stress, namely, 1800 pounds per
square inch at the fatigue strength, whercas the tensile
fatigue strength in bending was found to be 3820 pounds

per square inch. This indicates that the start of the
fatigue crack nrobably was the result of a shearing stress
rather than a tension stress, because the maximum shearing
strees in the bending specimen was one-~half the maximum
tensile stress, or 1910 pounds per square inch, which con-
pares favorably with the shearing fatigue strength found

in the torsion test, 1800 pounds per square inch. Thus

it would appear that the failure is governed by the shearing
stress rather than by the tension stress.

(d) The effect of speed of testing on the fatiguc
strength.~ The effect of speed of testing on the fatigue
strength of the phenolic molding material was studied by
use of rotating-cantilever-beam machihes, as shown in fig-
urz 11 (specimen, fig. 3¢). Thece machines were provided
with a V-belt drive, so that different speeds could be
obtained. The o - N diagrams obtained from tests at three
different speeds - 1720, 4200, 6150 cycles per minute -
are shown in figurec 31. The effect of speed of testing
was found by plotting the fatigue strength at 100,000,000
cycles against the speed in cycles per minute, as shown in
figure 32. It was found that the fatigue strength de-
crcasaed as the spsed was increased over the range of speed
studied. The fatigue strength at a speed of 1720 cycles
rer minute, as obtained in these tests, was 2630 pounds
per square inch, (See table VI.) It may be that the ef-
fect of speed on the fatigue strength was in part due to
rise in temperature of the specimen due to the internal
frictien in the material. Since the specimen was rotating
during the tests it was not found possible to measure the
teuperature; however, observations indicated that the ten-
perature rise was not excessive.

(e) The effect of a notch on the fatigue strength.-
The effect of a notch of shave as shown in figure 3d was
obtained by tests on a rotating-bear machine at-a specd of
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6150 cycles per minute. The ¢ - N diagram for this test?
ie shown in figsure 31. The fatigue streagth at 100,000,000
cycles was found to be 2300 pounds per square inch. Com-
varing this with the test of smooth specimens at the same
speed, it was found that the fatigue strength was about 15
percent higher for the notched test than for the unnotched
test. (See table VI.) It is difficult to explain an in-
crease in fatizue strengbth as a result of notching the
srecimen, It may be, however, that this apparent increase
is due largely to variations in the material belween sheets
or scatter in the data. However, the conclusion that this
material is relatively insensitive to notches seems justi-
fied. This is in opposition to results otf tests of cellu-
lese acetate (reference 6), inasmuch as the fatigue
strength of a notchzd specimen for cecllulose acetate was
found to be about one-half the fatigue strength of the un-
notched specime

(£) The effect of typs of tost and shape of specimen.-
Comparison of the fatigue strength obtained at a speed of
1720 cycles per minute and a mean stress of zero, but dif-
ferent types of machine and different shapes of specimen,
showed the following results. The fatigue strength of a
square specimen in the bending machine was 3130 pounds per
square inch, while for a circular cross-sectional specimen
the fatigue streangth was 3820 pounds per sguare inch - an
increase of about 21 percent. A circular cross-sectional
specimen of the same shape but tested in a rotating-beam
testing machine was found to give a fatigue strength of
2630 pounds per square inch, or a decrease of 31 percent of
the results obtained in the circular bending specimen.
Thesc differences may be due in part to variations in the
material, varticularly in the case of the latter since the
rotating-beam specimens were obtained from material 0.5
%nch thick and the bending specimens from materials 0.3
inch thick, Difference in surface finish may also con-
?ribute to the variation between results obtained on 4if-
ferent machines. The original molded surface remained on
all square cross-sectional specimens, whereas the surface
of eircular cross-sectional specimens was machined and
tyen sanded. A similar increase of fatiguc strength of
circular as compared to square specimens was found for cel-

}ulose acetate as well as for the phenolic molding material.
\See reference 8.)

Fractured fatigue spccimens of all types used are
shown in figures 33f.,.k%.



VI. CONCLUSIONS

The following conclusions may be drawn from the above
tests of macerated phenolig nolding material perfermed at a
constant temperature of 77 T and relative humidity of 50
percent.

l. Static short~time tension and coupression tests
performed at the same rate of strain indicate about equal
values of yield strength in tension and compression ~
4010 and 4120 pounds per square inch, respectively (at
0.05 percent orfset)., (See tables I, II, III.)

2, The ultimate strength in compression is, however,
about four times the ultimate strength in tension - 18,960
and 4550 pounds per square inch, respectively.

2. The moduli of elasticeity are nearly equal in ten-
sion and compressicn - 981,000 aud 885,C00 pounds per
square inch, respectively.

4, Torsion tests at a rate of strain corresponding
to that used for the tension and compression tests showed
a yield strength {at 0.05 percent offset) about 60 per-
cent of the corresponding value in tension and compres-
sion ~ 2550 pounds per square inch (table IV).

5. The modulus of elasticity in shear was about one-
fourth of that in tension and compression - 284,000 pounds
per square inch in one group of specimens; 290,000 pounds
per square inch in another group.

6. Torsion tests at different rates of strain showed
that the shearing yield strength increased with increas-
ing rate of strain up to a rate of strain of about 0.0l
inch per inch per minute. {See fig. 19.)

7. It was found that a time of about 40 days was re-
quired for the specific weight to approach equilibrium in
an atmosphere of constant temperature and humidity (fig.
20). The change in specific weight was attribdbuted to
change in moisture content.

8., The compressive strength of the material changed
during the time that the moisture content was not in equi-
libriun with the humidity of the atmosphere. The cirength
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increased during the time that the moisture content of
the material was greater than that required for equilib-
rium with the atmosphere, and decresased when the moisture
contcnt was less than that required for equilibrium with
the atmosphere (fig. 21).

9. The modulus of rupture in flexure was found to be
§000 pounds per square inch,

10. The average energy absorbted in bvreaking a - Dby
%-inch Izo0d impact specimen was 20 inch-pounds; whereas,
the average energy absorbed by a %~ by %-inch Charpy spec-
imen was 15.6 inch-pounds. There was no appreciable dif-
ference in impact strength of specimens with notech cut
parallel to the surfiace of the sheet and specimens with
notch cut perpendicular to this surface (tabls V)

11, Orcep tests at several differcnt stresses showed
that the amount of crcecep and rate of creep are incresased by
an increase in stress. It was also cbserved that the larg-
est proportion of the creep recorded occurred during the
early part of the test (fig. 23).

12. It was obessrved that the creep against time curve
approached & horizontal line after a time of about 3000
hours for 2ll values of stress (fig. 24).

13, It was found that the creep occurring during a
time of about 3000 hours could be represented approximate-
ly by the following equation:

3/2

. . 5/n
e = <4soo> * <9500> v

14, Tension tests conducted at a constant load for
long periods of time showed a critical stress of 3200
pounds per square inch, above which fracture occurred
within less than 100 hours, and bBelow which fracture did
not occur far a long period of time.

18. The fatigue strength for completely reversed bend-
ing stress was found to bo 3130 pounds per square inch at
10C,000,000 cycles.

16. Tosts at other ranges of stress showed that the
fatigue strength deccrcased with incrcasing mean stress
from 3130 pounds per square inch at zero mean stress %o
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1610 pounds per square inch at a mean stress of 7000 pounds
ver square inch (table VI).

17, Relaxation of stress occurred during fatigue tests
in which the range of stress was not zero. The relaxation
rate was found to be affected not only by the value of the
mean stress but also by the presence of an alternating
stress (fig. 29).

18. The fatigue strength in torsion was 1800-pounds=—
per-squaré-inch shearing stress at 100,000,000 cycles (ta-
ble VI).

19, The fatigue strength of a circular cross—-sectional
specimen in bending was found to be 3820 pounds per square
inch, which was about twice the fatigue strength of iden-
tical specimens in torsion. This indicates that shearing
stress may be the governing stress which initiates the fa-
tigue crack (table VI).

20. Rotating-beam fatigue tests at different speeds
of testing showed that the fatigue strength decreased as
the speed of testing increased (fig. 32).

2l. Tests of notched rotating-beam specimens indicated
very little nctch sensitivity. There was some indication
that the presence of a notch increased the fatigue strength
(tadle VI),

22. Differences sf 20 te 30 percent in fatigue strength
were focund for different shapes of specimens and different
types of testing machines (table VI)..

VII. APFENDIX

Definition of Terms

1. Modulus of elasticity. 1In this report modulus of
elasticity is understood to refer to the tangent mcdulus
~t the initial vertion of the stress-strain curve; that is,
the modulus was obtained by measuring the slope of a line
drawn tangent tec the curve through the lower portion of
the curve. It is important to note that friction lag or
backlash in the strain-measuring instrument may result in
some irregularity in mogsition of the first two or three
readings and, because of this lag, the stress-strain curve
will not necessarily pass through the origin of coordinates,
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, 2. Yield strength.- Yield strength is designated as
thp stress correrondlng to an arbitrarily selected per-
cent deviation from the straight-line portion of the

curve (or‘"modulus line"). It is obtained from a plotted
stroess~strain curve by drawing a linc parallel to the mod-
ulus line and at a distance from this line equal to the
specified offset measured along the strain axis. The yield
strength is the stress corresponding to the point of in-
terscetion of the stress-strain curve and the auxiliary
linc mentioned above.

3. Rate of strain.- The rate of strain as used in
this reporu ‘refers to the time rate of straining of the
specimen in the elastic (or straight iine) portion of the
stress-strain curve. In the case of the tension and com-

pression tests, the value of the rate of strain was ob-
tained from the slope of a strain-time diagram plotted
from data taken during the tests. In the case of the ten-
sion and compression tests, strain-time diagrams such as
figures 13 and 15 are obtained. The rate of strain as
interpreted for these diagrams was the slope of the curve
at the portion just below the value of strain correspond-
ing to the maximum strain for which stress was directly
propvortional to strain.

4. Modulus of rupture.- The modulus of rupture is a
.fictitious stress obtainaed, in the case of the torsion
test, by substituting the maxinmum valve o7 twisting moment
into the equation T = %?. The value of strecss obtained
does not represent the actual maximum stress in the mate-~
rial at the fracture, because the equation used is correct
only when stress is directly proportional to the strain,
which is not the case at rupture. Modulus of rupturc in
flexure is a fictitious stress obtained by substituting
the maximum bending moment obtained in the flexure test
Me
1
actual maximum stress at fracture because this equation
also is corrcct only when stress is directly proportional
to strain - a condition which is not true at rupture of a
flexural member.

into the equation 0 = - This doos nét represent the

5., Creep.~ Creep is designated as tue total exten-
sion in a tension member which has occurred up to a given
time as a result of a constant load; it is expressed in
percent., It should be roticed that creep includes both
the elastic stretch and the stretch which occurs progres-
sively during the time of loading. ‘
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6. KRate of creep.- The rate of creecp represents a
time rate of extension of the tension member under a con-
stant load. 1t is determined by measuring the slope of
the straight-line portion of the creep-time curve. Kote
that the rate of creep times the time does not give the
total creep.

7. Fatlgue strength.~ In this paper a cycle of re-

neated strees is resolved into two components ~ steady or
mean stress upon which is superimposed an alternating
stress. The maximum amplitude of an alternating stress
cycle, expressed in pounds per square inch, which will

not cause fracture of the material for a given number of
cycles of alternating stress is called the fatigue strength.
The number of cycles used in this paper was 100,000,000,

If the stress cycle does not produce complete revprsal of
stress, the mean stress ¢f the cycle must be stated when
specifying the fatigre strenzth because in general the fa-
tigue strength changes with differaent valtues of mean stress,

8. MHean stress.- Thé algebraic mean between the maxi-
munm and minimun strc ss produced in 2 material during an
alternating cycle of stress. ¥hen used in vonJunctxon
with the fatigue strength, the term "mean stress" denotes
the mean stress for which the stated fatigue strength was
determined. : ' o D

. -Average deviation from the mean.- This guantity
is used as a measure of the scatter in experimental data.
and is obtained by forming the difference between each

reading and the average of readings, then averaging these
‘differences. '

Departmont of Theoretical and Applied Mechanics,
- College of Engineering, ‘
University of Illinois,
Urbana, Ill,, April 15, 1943.
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TABLE I. STATIC TENSILE TESTS OF PHENOLIC MOLDING MATRRTAL

(Specimen as Shown in Fig. la )

(Terms Defined in Appendix )

Specimen Yield Strength | Ultimate | Ultimate }Modulus of | Rate of Strain
Rumber 0,05 per cent | Strength Strain Elasticity | in. per in. per
offget, psi psi in. per in.] 1000 psi nin,

25-B=5 3900 L790 0.00597 960 0.0015
25-B-6 3850 L320 0.00515 954 0.0015
25-B-10 3850 Lss50 0.00556 960 0.0015
26=B-11 4380 LL30 0.00L64 1050 0.0013
26-B=17 4050 Lé70 0.00577 980 0.001

Average Loio L4550 0.00543 981 0.0014

Average Deviation

from the Mean 170 140 0.00042 8

Average No-Load Head Speed -« 0,040 in. per min.

TABLE II. STATIC COMPRESSION TESTS OF PHENOLIC MOLDING MATERIAL

(Specimen as Shown in Fig, 2a )

(Terms Defined in Appendix )

Specimen Yie;} Strength | Ultimate| Ultimate Modulus of | Rate of Strain
Number |0.05%0 [ 0.2%/0 |Strength| Strain elasticity | in./in./min.
offset | offset psi in. per in.| 1000 psi
psi psi
203-A-10 | 3400 5500 12,700 | cee= 970 0.001,
203-A-11 | 4700 6700 13,000 ———— 830 0.0015
203-A-9 L200 5900 13,200 | 0.0497 850 0.0016
203-A-12 | L4400 Q4,00 13,800 { 0.0508 830 0.0015
203«A-13 | 3900 5800 13,200 | 0.0508 950 0.0016
Average 4120 6060 13,200 | 0.0504 886 0.0015
Average Deviation
from the Mean 380 390 260 | 0.0005 59

Average No —~ Load Head Speed -= 0.0105 in. per min,.
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TABLE III. STATIC COMPRESSION TESTS FOR ULTIMATE STRENGTH
OF PEHENOLIC MOLDING MATERIAL
(Specimen as shovn in Fig. 2b)
Specimen Ultimate Approximate
Kumber Strength Rate of Strain
psi in./in./min.
203-A-5 18,560 0.0008
203-A-3 19,640 0.0008
203-A=2 19,640 0.0009
203-A= 18,370 0.0015
203-A-6 18,610 0.0015
Average 18,960
Average Deviation
from the Mean 540
TABLE IV. STATIC TORSION TESTS OF PHENOLIC MOLDING MATERIAL
(Specimen as Shown in Fig. 2e)
(Terms Defined in Appendix)
Specimen | Yield Strength | Modulus of | Ultimate | Shearing Rate of Strain
Number |0.05°/0| 0.2% | Rupture Strain | Modulus, G, | in./in./min.
psi in. per in.| 1000 psi Tensile Shearing
305-T=11 | 2500 3180 3180 0,0155 232 .0012 .00%0
305-T=13 | 24,20 | 3130 | 3160 0.0158 236 .0012  .0050
305-T-15 | 2730 | 3560 3640 0.0173 235 .00l 0058
Average 2550 3290 3330 0.0162 224
Average Deviation
from the Mean 120 180 210 :l 0,0007 2

Average No-Load Head Speed -- 0,02 revolutions per min,
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TABLE V. IMPACT TESTS OF PHENOLIC MOLDING MATERIAL
(Specimens as shown in Fig. loc and 1d)
(Terms defined in Appendix)
Type of Test Sheet 311 Sheet 311, Average
Specimen ) Absorbed | Specimen | Absorbed | for both
Energy Energy sheets
in-1b in-lb in-1b
Taod-- 1-4 22.0 I-L 18.0
Notch Parallel to I1-3 20.0 I-3 21.3
Original Surface I.2 19.0 I-2 20.8
I-1 18.0 | 121 13.0
Average 19.3 18.3 18.8
Average deviation
from the Mean 1.2 2.8
lz0d=- T8 21.5 I8 21,5
Notch Perpendicular I.7 21.7 I.7 21.8
to Original Surface 1.6 22.0 1-6 20.8
I-5 20.0 I-5 20,8
Average 21.3 21,2 21.2
Average Deviation
from the Mean 0.6 0.4
Average of All Izod Tests 20.0
Charpy-- cL 1L,.8 = 21l.3
Notoh Parallel to IC-3 .2 1c-3 17.8
Original Surface 1c-2 18.7 IC=2 4.5
1c-1 19.9 Ic-1 17.5
Aversage I§.9 [17.8 17.2
Trorags Do TatTon
from the Mean 2. _ 1.8
Tharpy-- 1C-7 1IN 1C-7 13.0
Notch Perpendicular Ic-6 11.8 Ic-6 .6
to Original Surface IC=5 13.5 IC-5 15,8
. Aver e . 1}4.6 1309
Ayerage‘ﬁeviation
from the Mean 1,0 0.8

Average of All Charpy Tests 15.0
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NACA Phenolic molding material Fig. 3
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NACA Figs. 8,9

Figure 8.~ Jig for assembling creep extensometer.

Figure 9.- Fixed-cantilever, constant-amplitude fatigue
machine arranged for bending tests.
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’ Figure 10.- Fixed-cantilever, constant-amplitude fatigue
machine arranged for torsion tests.

Figure 1l.- Rotating-cantilever-beam fatigue machine.
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Figs. 12a,12b
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Figs. 14d,15
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